A new seismograph for earthquake early warning in the field of railways has been developed 
Introduction
Earthquake early warning (EEW) systems are one of the significant countermeasures to protect railways against disastrous earthquakes in Japan. EEW systems operated by railway companies have been able to issue warnings before large tremors reached trains in largescale earthquakes such as the 2004 Mid-Niigata Prefecture Earthquake (Mj=6.8) and the 2011 Great Tohoku Earthquake (Mw=9.0). In the case of the 2011 Great Tohoku Earthquake, the EEW system issued the first warning for tracks closest to the epicenter, 12-22 seconds ahead of the strong shaking [1] . The present EEW system [2] [3] consists of EEW seismographs and a central communication server. Each EEW seismograph in the system issues warnings independently based on its own observed data. The seismograph has two kinds of warning: one is an S-wave warning where a signal is sent out when the observed acceleration exceeds the threshold, and the other is a P-wave warning where the alert is raised by analyzing the P-wave initial phase recorded at a single station. P-wave warnings are very effective early warnings because they can send out danger signals before S-wave warnings; at the same time, however, these warnings are very sensitive and susceptible to seismic waves and environmental noise.
Over the past few years, new algorithms have been developed to estimate seismic parameters using single-station data [4] [5] and to discriminate non-seismic waves from seismic waves [6] to improve accuracy and speed of P-wave warnings. These new algorithms need to be integrated to improve current seismograph performance in railway EEW systems. This study first describes the development of a new software program for P-wave warnings by integrating the above mentioned algorithms. It then confirms the performance of the new seismograph in long-term field tests reproducing real conditions, in which a prototype seismograph was located close to tracks and in a borehole at a seismic station. Figure 1 illustrates the process for estimating seismic parameters for P-wave waning in a software program used in current and new seismographs in the railway EEW system. The seismograph constantly monitors vibrations on the ground to detect a seismic signal. When it detects waves with an amplitude which exceeds the average amplitude of the observed acceleration, it automatically discriminates a seismic wave from other non-seismic waves, such as traffic-induced vibrations, vibrations propagating from nearby factories, electromagnetic signals and so on. When the detected wave is identified as a seismic wave, then, the seismograph estimates three seismic parameters (i.e. epicentral distance, back azimuth to the epicenter, and magnitude of the seismic source) by using the first initial phase of P-wave. If estimated values are out of pre-defined ranges, the seismograph judges the wave as a non-seismic one. Finally it makes the decision of warning by using the M-Δ method [7] . 
Development of a new software program for Pwave warnings

Processing flow for the P-wave warning
Upgraded points for the P-wave warning
The major upgrades in the new software program for P-wave warnings are summarized in Table 1 . These are listed in the boxes in the flow chart shown in Fig. 1 . 1) To improve the possibility of P-wave detection, redetermination of parameters in the STA/LTA trigger algorithm and introduction of the level trigger method are carried out in the new program [8] . This upgrade is very effective for certain types of P-wave whose amplitude increases very slowly during their initiation.
2) The C-Δ method [4] is introduced to the program, instead of the B-Δ method [9] , for estimating epicentral distance by using single-station data. The C-Δ method makes it possible to estimate epicentral distance more accurately than the conventional method. This method can improve the accuracy and speed of estimation by 12 % and 75 % respectively [4] . The relationship between the coefficient C and the epicentral distance (Δ) is also re-determined and this reduces the estimation error by 5 % [8].
3) The conventional fixed-length time window method is replaced with the variable time window method [5] for estimating back-azimuth to the epicenter. The variable time window method uses an optimized length of a time window (0.3-1.0 second) for each seismic wave. This time window is applied to the Principal Component Analysis so as to obtain a vibration direction of the P-wave. This improves the accuracy and rapidness by 28 % and 23 % respectively [5] . 4) In addition to displacement amplitude, acceleration amplitude is also used to estimate magnitude. Since the results of statistical analyses indicate that the peak amplitude appears on average faster in acceleration than in displacement [8] , it is expected that the final magnitude of larger earthquakes is able to be obtained faster by using the acceleration amplitude. By using both displacement and acceleration for magnitude estimation, faster and reliable estimation may be possible. 5) To discriminate seismic waves from train-induced waves, a new index for discrimination is introduced to the software [6] . The new index expresses an amplitude ratio of the high-frequency component to the low-frequency component (frequency ratio). By using this new index and the conventional index (H/V ratio; amplitude ratio of the horizontal component to the vertical component) at the same time, the performance of noise discrimination is improved by 10 % [8] .
3. Development of a prototype seismograph and field tests
Prototype seismograph
In order to confirm the overall performance of the developed software program in real conditions, a prototype seismograph equipped with the improved software program was produced. The prototype seismograph consisted of a processing unit and a sensor unit. The processing unit served to detect P-waves, estimating seismic parameters, discriminating noise signals, issuing warnings, and recording observed data. A personal computer is used as a processing unit in this study, so as to easily update software programs and parameters and to easily collect recorded data. The software program described in the previous chapter was installed on the computer. The sensor unit was composed of 3-component servo-type acceleration sensors and A/D convertors. The maximum range of acceleration measurement is +-2G, and the sampling rate of the recording was 100 Hz. GPS signals can be received for time synchronization of the observed record. Figure 2 the processing unit and the sensor unit of the prototype seismograph.
Field tests conducted near tracks
The prototype seismograph was installed at the Hino civil engineering testing station of Railway Technical Research Institute (RTRI) to conduct a field tests, which is located adjacent to a major railway line in Tokyo. The test period was from Feb. 20, 2015 to Mar. 2, 2015 (10 days). During the period, 5268 train-induced waves and one seismic wave were recorded. Figure 3 shows the results of discrimination using those records. In the figure, a discrimination index related to V/H ratio is plotted on the horizontal axis and a discrimination index related to frequency ratio is plotted on the vertical axis. The diagonal line indicates the pre-defined threshold between seismic waves and train-induced waves. Blue crosses show train-induced data and a green solid square shows a seismic data. It is demonstrated that the seismograph could identify 5267 out of the 5268 train-induced waves. One wave induced by a train was mistakenly identified as a seismic wave, however the estimated magnitude for the wave by the seismograph was smaller than the threshold to issue a warning. On the other hands, one seismic record due to the Northern Chiba earthquake (Mj=4.5), shown as a green solid square, was successfully identified as a seismic wave. Figure 3 also includes the seismic data recorded at Kunitachi seismic station which is located in the RTRI Kunitachi Laboratory (details are described in the next section) shown as yellow solid triangles. It is obvious that all of the seismic data recorded at Kunitachi seismic station were identified as seismic waves. Though the discrimination rate is considerably high for data in these tests, higher discrimination performance could be possible if the threshold is independently optimized for each seismic station.
Field tests at a seismic station
The prototype seismograph was also installed in a borehole at the Kunitachi seismic station. This seismic station is situated about 300 m away from a major railway line, where the level of environmental noises is low compared the trackside location. The test period spanned from Jan. 27, 2015 to Dec. 16, 2015 (323 days). During that period, 24 seismic waves were detected. In Fig. 4 the detected earthquakes are plotted as yellow squares together with 105417 earthquake data (blue crosses) published by Japan Meteorological Agency (JMA) for the same period. On the horizontal and vertical axes, the magnitude and the epicentral distance from the Kunitachi seismic station are plotted respectively. The figure illustrates that the seismograph was able to successfully detect and estimate seismic parameters for larger earthquakes having occurred in the near field (i.e. Mj>5 and Δ<200 km). The detection performance is basically sufficient, considering that the warning area for P-wave warnings is roughly Δ<20 km for a Mj=5.5 earthquake and Δ<100 km for a Mj=7 earthquake with the M-Δ method [7] . 
Discussion on estimation errors
Estimation errors of the seismic parameters in the long-term field tests were evaluated. Eight major earthquakes were selected with magnitudes of over 4.5 and epicentral distances shorter than 200 km from 24 earthquakes detected by the seismograph. They are listed in Table 2 . Figure 5 (a), (b) , (c) and Table 3 show estimation results compared with the JMA catalogue. The red zones in the figures indicate permissible errors (+-0.3 for log (epicentral distance), +-30 degree for back azimuth, +-1.0 for magnitude). As for the estimation of the epicentral distance and the magnitude, 75-100 % of the data were estimated with permissible errors. However the back azimuth estimation was not carried out very accurately for many earthquakes. It is presumed that the smaller amplitude of displacement in a longer period of those earthquake data degraded the quality of analysis since the back azimuth analysis using double integral tends to be very sensitive to S/N ratio of the original data particularly over longer periods. It is expected that accuracy of the back azimuth analysis is sufficient for datasets with larger magnitudes [8] .
Conclusions
This paper describes development of a new software program and a prototype seismograph for EEW. The conclusions are summarized as follows.
1) In order to upgrade the present EEW seismograph for a railway EEW system, a new software program was developed for P-wave warnings which integrates improved algorithms for estimating seismic parameters discriminating seismic waves from noises. This upgrade makes it possible to issue Pwave warning more accurately and rapidly. 2) A prototype seismograph equipped with improved algorithms was produced and field tests were conducted close to tracks and at a seismic station in real conditions. Analysis of recorded data confirmed the performance of the prototype, for noise discrimination, P-wave detection, seismic parameter estimation under the practical condition is acceptable. It is expected that introduction of the newly developed seismograph will improve the performance of EEW systems. 
